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Introduction {#s1}
============

Vitamin D is acquired through both sun exposure and dietary sources. Vitamin $D_{3}$ is synthesized from cutaneous 7-dehydrocholesterol upon exposure to ultraviolet B radiation ([@c27]; [@c31]). Dietary sources of vitamin D include oily fish, fortified milks and cereals, and oral supplements. Vitamin D is metabolized into 25-hydroxyvitamin D \[25(OH)D\] by the liver and then converted to 1,25-dihydroxyvitamin D \[$1,25\left( \text{OH} \right)_{2}D$\] by the kidney and other tissues, including the breast ([@c56]).

It is known that $1,25\left( \text{OH} \right)_{2}D$ has potential anticarcinogenic effects, including regulation of cell growth and proliferation, stimulation of apoptosis, and down-regulation of estrogen receptors ([@c27]; [@c31]; [@c36]; [@c56]). In animal models, $D_{3}$ and $1,25\left( \text{OH} \right)_{2}D_{3}$ slowed the growth of existing cancer cells and mammary tumors ([@c27]). Levels of $1,25\left( \text{OH} \right)_{2}D$ are under tight physiologic control, but levels of the inactive precursor---25(OH)D---vary widely and reflect overall available vitamin D ([@c31]).

Despite widespread fortification, $\sim 42\%$ of U.S. women have "insufficient" 25(OH)D levels ([@c28]) ($< 20\,\text{ng}/{mL}$ ([@c32])). Extremely high intake of vitamin D \[$> 10,000$ international units (IU) daily\] for an extended period can cause tissue damage, but adverse effects are extremely rare when intake is $< 4,000\,\text{IU}/d$ ([@c32]). Therefore, if vitamin D has antineoplastic effects, supplementation could offer a safe way to prevent breast cancer, a disease that affects approximately one in eight U.S. women during their lifetimes ([@c52]).

The effect of vitamin D supplementation on breast cancer risk was investigated in a clinical trial of 36,282 postmenopausal women randomized to receive placebo or $400\,\text{IU}$ vitamin $D_{3}$ plus $1,000\;{mg}$ calcium daily ([@c17]). During a mean of 7 y of follow-up, there was no difference in breast cancer rates between treatment arms \[$\text{hazard}\,\text{ratio}\,\left( \text{HR} \right) = 0.96$ (95% confidence interval (CI): 0.85, 1.09)\]. However, off-protocol self-supplementation was common, and in a reanalysis limited to the 43% of women not taking personal supplements, women randomized to treatment had a statistically significant 18% lower breast cancer rate than women randomized to placebo ([@c13]).

Using an alternative approach that considers total vitamin D exposure, numerous case--control ([@c1]; [@c2]; [@c16]; [@c20]; [@c21]; [@c33]) and cohort ([@c4]; [@c5]; [@c11]; [@c17]; [@c22]; [@c23]; [@c24]; [@c29]; [@c35]; [@c37]; [@c41]; [@c43]; [@c44]; [@c46]; [@c48]; [@c49]; [@c51]) studies have evaluated the association between 25(OH)D and breast cancer risk. The estimated strength of association in these observational studies differs across study designs. Case--control studies have reported inverse associations ([@c1]; [@c2]; [@c16]; [@c20]; [@c21]). Although some prospective cohort studies have also observed inverse associations ([@c11]; [@c17]; [@c24]; [@c35]; [@c43]; [@c48]), the effects tended to be weaker and not statistically significant. Other prospective studies have reported null results ([@c4]; [@c5]; [@c22]; [@c23]; [@c29]; [@c37]; [@c41]; [@c44]; [@c46]; [@c49]; [@c51]).

Because 25(OH)D levels vary over time ([@c12]; [@c49]), these differences may be related to the timing of sample collection relative to disease development and to the nature of vitamin D's anticarcinogenic effects. Case--control studies, where levels in cases are assessed soon after diagnosis, should be useful for evaluating the relationship between recent 25(OH)D levels and breast cancer risk. However, it is possible that 25(OH)D levels in cases are affected by the disease, by its treatment, or by disease-related behavioral changes. Bias from reverse causation is avoided by prospective studies, but because many such studies have a 10- to 15-y gap between enrollment and the end of follow-up with no repeated measurements ([@c4]; [@c23]; [@c29]; [@c37]; [@c44]; [@c51]), their relative risk assessment is most relevant to the relationship between past 25(OH)D and breast cancer risk, and their results could be misleading if the most potent protective mechanism of 25(OH)D is inhibiting growth of existing cancer cells.

Based on the existing epidemiologic and biologic evidence, we hypothesized that recent vitamin D intake is associated with breast cancer risk. We examined this hypothesis prospectively using a large cohort of women with a family history of breast cancer to estimate the association between serum 25(OH)D and breast cancer risk within 5 y.

Methods {#s2}
=======

Study Population {#s2.1}
----------------

We assessed this hypothesis in the Sister Study (data release 4.1, updated July 2014), a prospective cohort of 50,884 women who had never had breast cancer, but who had a sister diagnosed with the disease. U.S. women 35--74 y old were enrolled from 2003 through 2009. Further details are provided elsewhere ([@c45]). These sister participants have, on average, approximately twice the risk of breast cancer as similar women with no first-degree family history ([@c19]), allowing prospective and rapid accrual of incident cases. The Sister Study was approved by the institutional review boards of the National Institute of Environmental Health Sciences and the Copernicus Group.

Participants completed a computer-assisted telephone interview, which included demographic information and reproductive, medical, and residential histories. Additionally, trained examiners visited participants' homes to collect blood samples, take body measurements, and obtain written informed consent and self-completed questionnaires, including a modified Block 1998 Food Frequency Questionnaire (Block Dietary Data Systems, Berkeley, CA).

Sister Study participants are contacted annually to ascertain major health changes. Women who report a new breast cancer diagnosis are asked to authorize release of cancer-related medical records. Women with self-reported invasive or *in situ* breast cancer (excluding lobular carcinoma *in situ*) diagnosed within 5 y of the baseline blood draw were considered cases. Study compliance has been high: we retrieved medical records for 82% of self-reported breast cancer cases (with 99% confirmed as breast cancers), and 90% of women completed their most recently scheduled follow-up. Tumor characteristics, including estrogen receptor, progesterone receptor, human epidermal growth factor receptor-2, and invasiveness status, are based on medical record information when available, or self-report when not.

We selected 3,392 participants for the vitamin D substudy. We used a case--cohort design ([@c47]) and included 1,616 breast cancer cases and 1,844 participants randomly sampled from the Sister Study cohort (68 of whom were also cases). Because it was designed to overlap with preexisting genetic substudies that included only non-Hispanic white women, minority women were under-represented in the random subcohort. We corrected for this under-sampling by adjusting for race/ethnicity in all analyses.

Measurement of 25(OH)D {#s2.2}
----------------------

Baseline serum samples were stored in $0.4–{mL}$ straws at $- 80{^\circ}C$ before being shipped to Heartland Assays (Ames, IA) for analysis using liquid chromatography--mass spectrometry (LC/MS) with an Agilent 1290 Series High-Pressure Liquid Chromatography system and an Agilent 6460 Triple Quadruple LC/MS. Three vitamin D metabolites \[$25\left( \text{OH} \right)D_{3}$, $25\left( \text{OH} \right)D_{2}$, and $3 - \text{epi} - 25\left( \text{OH} \right)D_{3}$\] were measured for each participant. We summed the three metabolites and used that total, designated 25(OH)D, as our estimate of overall available serum vitamin D. Approximately 83% of the total consisted of $25\left( \text{OH} \right)D_{3}$. If an individual metabolite level was below the limit of detection ($1.5\,\text{ng}/{mL}$) we imputed a value of $1.06\,\text{ng}/{mL}$ (=1.5 divided by the square root of 2).

Of the 3,392 samples, 3,388 were successfully assayed. Cases were randomly allocated across 48 batches. Each batch included five quality-control samples: pooled specimens from both pre- and postmenopausal women and a National Institute of Standards and Technology (NIST) control for each metabolite. Interbatch coefficients of variation for total 25(OH)D were 11.0%, 8.5%, and 2.9% for the premenopausal, postmenopausal and NIST control samples, respectively. We excluded two participants with implausible values, leaving 1,611 cases and 1,775 noncase members of the subcohort.

Vitamin D Intake and Other Covariates {#s2.3}
-------------------------------------

For all 50,884 Sister Study participants, we estimated average daily vitamin D intake in the year prior to enrollment. To do this, we combined information on frequency and portion size with data on the amount of vitamin D present in each type of food, accounting for gender preferences (Block Dietary Data Systems, weighted women-only method). Participants were also asked whether they took any vitamins, and if so, what type, how much, and how often. Questionnaires were completed at home so that the women could check bottles for information.

Sunlight-related variables (e.g., latitude, physical activity, and time spent outdoors) were assessed at baseline, along with other potentially relevant covariates such as exogenous hormone use, history of osteoporosis, education, and menopausal status. Body mass index (BMI) was computed from height and weight measured during the home visit. For consistency with the biomarker analysis, we only considered the first 5 y of follow-up when assessing the effects of diet and sunlight exposure on breast cancer risk. During this time, 1,699 women developed breast cancer (including 1,616 with blood samples).

Statistical Analysis {#s2.4}
--------------------

We adjusted 25(OH)D values for season of blood draw and batch effects as follows. We first modeled the effect of batch on 25(OH)D using a random effects model, then standardized across batches by subtracting the batch-specific coefficient estimate from each value in each batch. We then adjusted for season using LOESS regression ([@c15]), allowing seasonal variation to depend on race/ethnicity, latitude, and supplement use. Briefly, we used the LOESS to calculate how much each individual's 25(OH)D level differed from the level expected given their date of blood draw and then added that residual back to the group-level mean to obtain season-adjusted values, which represented individuals' average 25(OH)D over the entire year. The batch- and season-adjusted 25(OH)D levels were categorized as quartiles, with cut-points based on the distribution in the randomly sampled subcohort. We used quartiles to allow for nonlinearity (including a possible threshold effect) in the dose--response. We did not use the current cut-point for deficiency ($20\,\text{ng}/{mL}$; [@c32]) because this cut-point was determined based on bone health data and does not typically include $3 - \text{epi} - 25\left( \text{OH} \right)D_{3}$.

We estimated HRs for the case--cohort design using Cox proportional hazards models, with age as the primary time scale. Using previously described methods ([@c8]; [@c47]), women in the subcohort were followed from baseline until breast cancer, death, loss to follow-up, or 5 y, and cases not part of the random subcohort were statistically treated as if they were only at risk just prior to diagnosis. We calculated 95% CIs using robust variance estimates. Analyses were performed using SAS (v.9.3; SAS Institute Inc.) ([@c38]).

All models included adjustment for the following covariates measured at baseline: race/ethnicity (categorical), education (categorical), current hormonal birth control use (yes/no), current hormone therapy use (none, estrogen plus progestin, or unopposed estrogen), menopausal status (pre- or postmenopausal), physical activity during the preceding year (categorical), BMI (continuous), history of osteoporosis (yes/no), alcohol consumption in the preceding year (never/former drinker, $\text{current}\,\text{drinker} < 1\,\text{drink}/d$, $\text{current}\,\text{drinker} \geq 1\,\text{drink}/d$), parity (0, 1, 2, $\geq 3\,\text{births}$), and a BMI × menopausal status interaction term. Women were considered postmenopausal if they had gone $> 12\,\text{mo}$ without menstruating, had had both ovaries removed, or had had a hysterectomy with ovarian retention and were $> 55\; y$ old. These confounders were selected *a priori* based on assumed causal relationships among the variables ([@c30]). For multivariate analyses, we excluded individuals with missing covariate information, leaving 1,600 cases and 1,822 random subcohort members in the final analysis.

We also examined whether the relationship between 25(OH)D and breast cancer was modified by time-varying menopausal status or selected covariates, assessing modification by calculating heterogeneity *p*-values from likelihood ratio tests (with $p < 0.05$ considered evidence of heterogeneity). Additionally, we examined the influence of time since blood draw, and we tested for effect heterogeneity by tumor characteristics using case-only analyses ([@c10]).

Lastly, we evaluated the relationship between breast cancer and vitamin D sources, including supplements, diet, and sunlight exposure. Although these indicators provide an incomplete, crude assessment of vitamin D exposure, we could evaluate them in the entire cohort. We report adjusted HRs and CIs for the larger cohort based on Cox proportional hazards models with robust variance estimators to account for within-family clustering. Confounders were again selected based on *a priori* assumptions about causal relationships. For all models, we tested for violations of the proportional hazards assumption using age × exposure interaction terms.

Results {#s3}
=======

Most Sister Study participants are non-Hispanic white (84%) and well-educated (85% having had at least some college) ([Table 1](#t1){ref-type="table"}). At baseline, 54% reported that they regularly ($\geq 4\,\text{times}/{wk}$) took a vitamin D--containing supplement. The random subcohort was similar to the full Sister Study cohort. Compared with the subcohort, cases were more likely to be older, nonwhite, highly educated, postmenopausal and current hormone therapy users and to have high BMI, $\geq 2\,\text{first} - \text{degree}$ relatives with breast cancer, and no history of osteoporosis.

###### 

Characteristics of the Sister Study cohort (2003--2009) and the case--cohort sample included in the 25-hydroxyvitamin D \[25(OH)D\] substudy.

Table 1 lists characteristics in the first column; the corresponding n (percent) values for all participants and n (percent) values for the random subcohort and breast cancer cases included in the 25(OH)D substudy are listed in the other columns.

  Characteristic                                                    All participants ($n{=50,884}$); $n$ (%)   Included in 25(OH)D substudy   
  ----------------------------------------------------------------- ------------------------------------------ ------------------------------ ------------
  Age at blood draw[^*b*^](#t1n2){ref-type="table-fn"}; mean (SD)   55.6 (9.0)                                 55.3 (8.9)                     57.4 (8.9)
  Follow-up time[^*c*^](#t1n3){ref-type="table-fn"}; mean (SD)      6.5 (1.9)                                  4.7 (0.8)                      2.5 (1.3)
  Race/Ethnicity                                                                                                                               
   Non-Hispanic white                                               42,557 (84)                                1,589 (86)                     1375 (85)
   Non-Hispanic black                                               4,461 (9)                                  134 (7)                        122 (8)
   Hispanic                                                         2,515 (5)                                  82 (4)                         63 (4)
   Other                                                            1,334 (3)                                  38 (2)                         50 (3)
  Education level                                                                                                                              
   High school or less                                              7,804 (15)                                 294 (16)                       248 (15)
   Some college                                                     17,181 (34)                                645 (35)                       516 (32)
   Bachelor's degree                                                13,714 (27)                                471 (26)                       423 (26)
   Graduate degree                                                  12,171 (24)                                433 (23)                       423 (26)
  Menopausal status                                                                                                                           
   Premenopausal                                                    16,782 (33)                                616 (33)                       465 (29)
   Postmenopausal                                                   34,093 (67)                                1,226 (67)                     1,146 (71)
  Body mass index (BMI)                                                                                                                       
   $< 25.0{\,{kg}/m}^{2}$                                           19,634 (39)                                705 (38)                       588 (37)
   25--29.9 ${{kg}/m}^{2}$                                          16,064 (32)                                586 (32)                       508 (32)
   $\geq 30{\,{kg}/m}^{2}$                                          15,167 (30)                                549 (30)                       515 (32)
  Hormonal birth control use                                                                                                                   
   Current user                                                     2,023 (4)                                  75 (4)                         66 (4)
   Former user                                                      41,090 (81)                                1,495 (81)                     1,286 (80)
   Never user                                                       7,486 (15)                                 265 (14)                       248 (16)
  Hormone therapy use                                                                                                                          
   Current, estrogen plus progestin                                 1,700 (3)                                  67 (4)                         84 (5)
   Current, unopposed estrogen                                      3,576 (7)                                  125 (7)                        134 (8)
   Former user                                                      17,637 (35)                                626 (34)                       576 (36)
   Never user                                                       27,797 (55)                                1,019 (55)                     812 (51)
  Physical activity (in last year)                                                                                                            
   0--1 h/wk                                                        17,238 (34)                                640 (35)                       541 (34)
   1.1--3 h/wk                                                      15,616 (31)                                563 (31)                       520 (32)
   $> 3\; h/{wk}$                                                   17,982 (35)                                640 (35)                       550 (34)
  History of osteoporosis                                                                                                                      
   No                                                               39,370 (77)                                1,408 (76)                     1,267 (79)
   Yes                                                              11,474 (23)                                434 (24)                       344 (21)
  Alcohol consumption in last year                                                                                                             
   Never/former drinker                                             9,679 (19)                                 342 (19)                       300 (19)
   Current drinker, $< 1\,\text{drink}/d$                           34,255 (67)                                1,241 (68)                     1,079 (67)
   Current drinker, $\geq 1\,\text{drink}/d$                        6,861 (14)                                 255 (14)                       231 (14)
  Parity                                                                                                                                       
   0 births                                                         9,207 (18)                                 343 (19)                       299 (19)
   1 birth                                                          7,348 (14)                                 277 (15)                       236 (15)
   2 births                                                         18,689 (37)                                669 (36)                       579 (36)
   $\geq 3\,\text{births}$                                          15,603 (31)                                553 (30)                       497 (31)
  Regular vitamin D supplement use ($\geq 4\,\text{times}/{wk}$)                                                                               
   None                                                             23,278 (47)                                847 (47)                       736 (46)
   Multivitamin, no extra vitamin D                                 20,399 (41)                                736 (41)                       662 (42)
   Multivitamin and vitamin D                                       3,773 (8)                                  134 (7)                        122 (8)
   Vitamin D and calcium                                            1,930 (4)                                  76 (4)                         54 (3)
   Vitamin D only                                                   359 (1)                                    10 (1)                         9 (1)
  Family history of breast cancer                                                                                                              
   Affected sister or half-sister only                              38,086 (75)                                1,368 (74)                     1,053 (65)
   $> 1$ first degree relative                                      12,793 (25)                                475 (26)                       558 (35)

Note: Missing values: race (17 overall, 1 case), education (14 overall, 1 case), menopausal status (9 overall, 1 from subcohort), current BMI (19 overall, 3 from subcohort), hormonal birth control use (285 overall, 8 from subcohort, 11 cases), hormone therapy use (174 overall, 6 from subcohort, 5 cases), physical activity (48 overall), alcohol (89 overall, 5 from subcohort, 1 case), parity (37 overall, 1 from subcohort), supplement use (1,145 overall, 40 from subcohort, 28 cases), family history of breast cancer (5 overall). SD, Standard deviation.

The subcohort includes 68 women who became cases and 1,775 women who did not. The 68 cases are included in both columns (total $n = 3,386$).

A total of 453 Sister Study participants did not provide blood samples and were ineligible for the case--cohort sample. For these women, we substituted the age at which they completed the baseline interviews when calculating the mean age.

For the full cohort, follow-up time includes all person-time accrued through 1 July 2014. For subcohort members, follow-up time is the time from baseline blood draw until breast cancer diagnosis, death, end of follow-up, or 5 y, whichever occurred first. For cases, the follow-up time described here is the time between baseline blood draw and breast cancer diagnosis, although the cases only contributed person-time just prior to their age at diagnosis in the case--cohort analysis.

Batch- and season-corrected 25(OH)D was approximately normally distributed with a mean of $31.8\,\text{ng}/{mL}$ in the subcohort and $31.0\,\text{ng}/{mL}$ in cases ([Figure 1A](#f1){ref-type="fig"}). After adjusting for confounders, $25\left( \text{OH} \right)D > 38.0\,\text{ng}/{mL}$ (fourth quartile) was associated with a 21% lower breast cancer hazard when compared with levels $\leq 24.6\,\text{ng}/{mL}$ (first quartile) \[[Figure 1B](#f1){ref-type="fig"} and [Table 2](#t2){ref-type="table"}; $\text{HR} = 0.79$ (CI: 0.63, 0.98)\]. The HRs for the second and third quartiles were indistinguishable from 1.00 \[$\text{HR} = 1.09$ (CI: 0.89, 1.32) and $\text{HR} = 1.04$ (CI: 0.84, 1.27)\], but a trend test across categories (1--4) showed evidence for lower risk ($p = 0.03$). A restricted cubic spline modeling the association between 25(OH)D and incident breast cancer relative to $20\,\text{ng}/{mL}$ (see Figure S1) suggested $\text{HRs} > 1.00$ below $20\,\text{ng}/{mL}$, near-null HRs for $20–35\,\text{ng}/{mL}$, and $\text{HRs} < 1.00$ above $35\,\text{ng}/{mL}$. When we stratified by time-varying menopausal status, we found that although the inverse association between breast cancer and 25(OH)D was driven by postmenopause \[$\text{HR} = 0.72$ (CI: 0.56, 0.92) for the fourth vs. first quartile compared with $\text{HR} = 1.06$ (CI: 0.67, 1.68) in premenopause\], the two estimates were not statistically distinguishable ($p = 0.17$). The proportional hazards assumption was not violated for any of these models.

![Distribution of 25(OH)D in cases and random subcohort (*A*). Hazard ratios and 95% confidence intervals for the association between 25(OH)D and breast cancer incidence within 5 y in the Sister Study (*B*). The hazard ratios are adjusted for batch, seasonal trends, race, education level, current hormonal birth control use, current hormone therapy use and type, menopausal status, physical activity, body mass index (BMI), osteoporosis, and a BMI × menopausal status interaction term. There are 1,600 cases and 1,822 participants in the random subcohort (including 67 cases) with complete covariate information (total $n = 3,355$).](EHP943_f1){#f1}

###### 

The association between total 25-hydroxyvitamin D \[25(OH)D\] and breast cancer incidence within 5 y in the sister study: hazard ratios (HRs) and 95% confidence intervals (CIs).

Table 2 lists 25(OH)D level in nanograms per milliliter in the first column, divided into quartiles the corresponding n values and HR (95 percent confidence interval) for women overall, premenopausal women, and post-menopausal women are listed in the other columns.

  25(OH)D Level (ng/mL)          Overall   Premenopausal women                                    Postmenopausal women                                                                    
  ------------------------------ --------- ------------------------------------------------------ ---------------------- ------------------------------------------------------ --------- ------------------------------------------------------
  1st Quartile (0--24.6)         451/395   1.00                                                   197/101                1.00                                                   254/294   1.00
  2nd Quartile ($> 24.6–31.4$)   454/440   1.09 (0.89, 1.32)                                      166/113                1.24 (0.85, 1.79)                                      288/327   1.06 (0.83, 1.34)
  3rd Quartile ($> 31.4–38.0$)   464/432   1.04 (0.84, 1.27)                                      139/78                 1.13 (0.75, 1.70)                                      325/354   1.03 (0.81, 1.30)
  4th Quartile ($> 38.0$)        453/333   0.79 (0.63, 0.98)                                      108/68                 1.06 (0.67, 1.68)                                      345/265   0.72 (0.56, 0.92)
  *p* For category trend                   0.03                                                                          0.81                                                             0.008
  4th vs. Quartiles 1--3                   0.75 (0.63, 0.89)[^*b*^](#t2n2){ref-type="table-fn"}                          0.94 (0.63, 1.41)[^*c*^](#t2n3){ref-type="table-fn"}             0.70 (0.58, 0.85)[^*c*^](#t2n3){ref-type="table-fn"}

Note: Levels adjusted for batch and then season within categories of supplement use, latitude, and race. Model adjusted for age, race, education level, current hormonal birth control use, current hormone therapy use and type, menopausal status, physical activity, body mass index (BMI), alcohol consumption, parity, osteoporosis, and a BMI × menopausal status interaction term. A total of 1,600 cases (360 premenopausal, 1,240 postmenopausal) and 1,822 random subcohort members (610 premenopausal, 1,212 postmenopausal) had complete covariate information.

Subcohort members/cases (cases selected into subcohort counted in each category); frequencies based on complete case analysis and menopausal status at baseline.

Observed a violation of the proportional hazards assumption ($p < 0.05$) for likelihood ratio test of an age-by-25(OH)D interaction term.

Evidence of heterogeneity across strata of menopausal status ($p < 0.05$).

To simplify exploratory analysis when examining effect measure modification, we used an *a posteriori* threshold model that combined the first three quartiles of 25(OH)D ([Table 3](#t3){ref-type="table"}). Here, we found evidence against the proportional hazards assumption ($p = 0.02$), with a stronger inverse association between breast cancer and 25(OH)D in $\text{women} \geq 60$ y old than in women $< 60$ y old (heterogeneity $p - \text{value} = 0.01$). Similarly, the effect was stronger in postmenopause than in premenopause ($p = 0.02$).

###### 

Stratum-specific hazard ratios (HRs), 95% confidence intervals (CIs), and *p*-values for test of heterogeneity for the association between 25-hydroxyvitamin D \[25(OH)D\] (4th quartiles vs. quartiles 1--3) and breast cancer within 5 y.

Table 3 lists characteristics in the first column; the corresponding number of cases (percent), subcohorts (percent), Quartiles 1 to 3, Quartile 4, and p-values for heterogeneity are listed in the other columns.

  Characteristic                                         Cases; $n$ (%)   Subcohort; $n$ (%)   Quartile 1--3 $\leq 38.0\,\text{ng}/{mL}$   Quartile 4 $> 38.0\,\text{ng}/{mL}$   *p*-Value for heterogeneity
  ------------------------------------------------------ ---------------- -------------------- ------------------------------------------- ------------------------------------- -----------------------------
  Age, y[^*a*^](#t3n1){ref-type="table-fn"}                                                                                                                                       
   35--59                                                946 (59)         1,248 (69)           1.00                                        0.92 (0.72, 1.17)                     0.01
   $\geq 60$                                             654 (41)         574 (32)             1.00                                        0.62 (0.49, 0.78)                      
  Menopausal status[^*a*^](#t3n1){ref-type="table-fn"}                                                                                                                            
   Premenopausal                                         465 (29)         610 (33)             1.00                                        0.94 (0.63, 1.41)                     0.02
   Postmenopausal                                        1,135 (71)       1,212 (67)           1.00                                        0.70 (0.58, 0.85)                     
  Race                                                                                                                                                                            
   Non-African Americans                                 1,479 (92)       1,690 (93)           1.00                                        0.75 (0.63, 0.90)                     0.90
   African Americans                                     121 (8)          132 (7)              1.00                                        0.89 (0.30, 2.64)                     
  Obese ($\text{BMI} \geq 30\;{kg}/m^{2}$)                                                                                                                                       
   No                                                    1,089 (68)       1,279 (70)           1.00                                        0.83 (0.69, 1.01)                     0.04
   Yes                                                   511 (32)         543 (30)             1.00                                        0.45 (0.30, 0.69)                     
  Current hormone therapy user                                                                                                                                                   
   No                                                    1,384 (87)       1,632 (90)           1.00                                        0.78 (0.65, 0.94)                     0.12
   Estrogen plus progestin                               84 (5)           66 (4)               1.00                                        1.92 (0.84, 4.42)                     
   Estrogen only                                         132 (8)          124 (7)              1.00                                        0.44 (0.23, 0.83)                     
  Regular vitamin D supplementation                                                                                                                                               
   No                                                    733 (47)         838 (47)             1.00                                        0.62 (0.45, 0.84)                     0.14
   Yes                                                   839 (53)         945 (53)             1.00                                        0.83 (0.67, 1.04)                     
  Dietary intake of vitamin D                                                                                                                                                     
   $0–120\,\text{IU}/d$                                  760 (48)         876 (49)             1.00                                        0.77 (0.60, 0.99)                     0.69
   $> 120\,\text{IU}/d$                                  812 (52)         907 (51)             1.00                                        0.74 (0.58, 0.94)                     
  Time spent outdoors                                                                                                                                                             
   $0–546\; h/y$                                         830 (52)         898 (50)             1.00                                        0.73 (0.56, 0.94)                     0.69
   $> 546\; h/y$                                         766 (48)         914 (50)             1.00                                        0.80 (0.63, 1.02)                     
  Latitude of primary residence                                                                                                                                                   
   0--39°                                                823 (52)         949 (52)             1.00                                        0.84 (0.66, 1.07)                     0.07
   $> 39{^\circ}$                                        775 (48)         868 (48)             1.00                                        0.66 (0.51, 0.85)                     
  Physical activity                                                                                                                                                               
   $0–2\; h/{wk}$                                        788 (49)         931 (51)             1.00                                        0.69 (0.52, 0.90)                     0.76
   $> 2\; h/{wk}$                                        818 (51)         891 (49)             1.00                                        0.78 (0.63, 0.97)                     

Note: All models are adjusted for age, season, batch, race, education level, current hormonal birth control use, current hormone therapy type, menopausal status, physical activity, body mass index (BMI), osteoporosis, parity, alcohol consumption, and a BMI × menopausal status interaction term. IU, international units.

Age and menopausal status allowed to vary over time in the model. The provided frequencies are for age and menopausal status at the baseline interview. Menopausal status is based on information from both baseline and follow-up interviews.

We also observed a stronger inverse association between 25(OH)D and breast cancer among obese women ($\text{BMI} \geq 30{\,{kg}/m}^{2}$) than among nonobese women (heterogeneity $p - \text{values} = 0.04$ among all women and 0.02 among postmenopausal women), but there was little evidence of modification by any of the other examined covariates. The association with lower risk was apparent for all of the evaluated types of breast cancer ([Table 4](#t4){ref-type="table"}), and there was no evidence of heterogeneity by tumor type. We saw little change in the HRs if we excluded cases diagnosed in the first two or last 2 y of the 5-y follow-up interval (see Table S1), and the effect did not change over follow-up (*p*-value for $25\left( \text{OH} \right)D \times \text{continuous} - \text{time}\,\text{interaction} = 0.62$).

###### 

Subtype-specific hazard ratios (HRs) and 95% confidence intervals (CIs) for the association between 25-hydroxyvitamin D \[25(OH)D\] (4th quartiles versus quartiles 1--3) and breast cancer within 5 y.

Table 4 lists types of breast cancer in the first column; the corresponding number of cases (percent), Quartiles 1 to 3, Quartile 4, the corresponding HR (95 percent confidence interval) and p-values for heterogeneity are listed in the other columns.

  Tumor characteristics                        Cases; $n$(%)   Quartiles 1--3 $\leq 38.0\,\text{ng}/{mL}$   HR for Quartile 4$> 38.0\,\text{ng}/{mL}$   *p*-Value for heterogeneity[^*a*^](#t4n1){ref-type="table-fn"}
  -------------------------------------------- --------------- -------------------------------------------- ------------------------------------------- ----------------------------------------------------------------
  Estrogen receptor (ER) status                                                                                                                          
   Positive                                    1250 (82)       1.00                                         0.78 (0.65, 0.94)                           0.42
   Negative                                    281 (18)        1.00                                         0.65 (0.46, 0.91)                           
  Subtype[^*b*^](#t4n2){ref-type="table-fn"}                                                                                                             
   Triple-negative                             172 (12)        1.00                                         0.60 (0.39, 0.93)                           0.25
   Not triple-negative                         1324 (89)       1.00                                         0.78 (0.65, 0.94)                           
  Invasive status                                                                                                                                        
   Invasive                                    1208 (76)       1.00                                         0.78 (0.64, 0.94)                           0.26
   *In situ*                                   379 (24)        1.00                                         0.67 (0.50, 0.89)                           

Note: All models are adjusted for age, season, batch, race, education level, current hormonal birth control use, current hormone therapy type, menopausal status, physical activity, body mass index (BMI), osteoporosis, parity, alcohol consumption, and a menopausal status × BMI interaction term.

*p*-value for 25(OH)D effect in a case-only model.

Triple-negative defined as estrogen receptor (ER) negative, progesterone receptor (PR) negative, and human epidermal growth factor receptor-2 (HER2) negative. The "not triple-negative" category includes all other individuals with nonmissing hormone receptor status ($\text{ER} + or\,\text{PR} + or\mspace{9mu}\text{HER}2 +$).

Neither the sunlight exposure variables nor daily dietary vitamin D intake was associated with breast cancer risk in the full cohort ([Table 5](#t5){ref-type="table"}), but self-reported regular ($\geq 4\,\text{times}/{wk}$ at baseline) vitamin D supplement use was associated with a lower breast cancer hazard. However, after observing violations of the proportional hazards assumption for dietary and supplemental vitamin D intake, we stratified by time-varying menopausal status. For combined supplement use and dietary intake, we found an inverse association among postmenopausal women \[see Table S2; $\text{HR} = 0.98$ (CI: 0.96, 1.00) per $100\,\text{IU}$ increase\] and a positive association among premenopausal women \[$\text{HR} = 1.06$ (CI: 1.01, 1.10) per $100\,\text{IU}$ increase; $\text{heterogeneity}\, p - \text{value} = 0.002$\]. Similarly, we observed an inverse association for regular supplement use among postmenopausal women \[$\text{HR} = 0.84$ (CI: 0.75, 0.94)\] and a positive, but statistically nonsignificant, association among premenopausal women \[$\text{HR} = 1.17$ (CI: 0.95, 1.43); $\text{heterogeneity}\, p - \text{value} = 0.008$).

###### 

Hazard ratios (HR) and 95% confidence intervals (CIs) for the association between vitamin D--related exposures and breast cancer within 5 y (1,699 cases, 49,044 noncases).

Table 5 lists variables in the first column; the corresponding number of noncases (percent), cases (percent), and HR (95 percent confidence) are listed in the other columns.

  Characteristic                                                                                               Noncases $n$ (%)   Cases $n$ (%)   HR (95% CI)
  ------------------------------------------------------------------------------------------------------------ ------------------ --------------- ------------------------------------------------------
  Total vitamin D intake ($\text{supplement} + \text{diet}$)[^*a*^](#t5n1){ref-type="table-fn"}                                                    
   $< 200\,\text{IU}$                                                                                          15,370 (33)        507 (31)        1.00
   $200–399\,\text{IU}$                                                                                        8,095 (17)         283 (17)        1.01 (0.87, 1.17)[^*b*^](#t5n2){ref-type="table-fn"}
   $400–599\,\text{IU}$                                                                                        14,621 (31)        540 (33)        0.99 (0.87, 1.12)[^*b*^](#t5n2){ref-type="table-fn"}
   $\geq 600\,\text{IU}$                                                                                       8,999 (19)         312 (19)        0.90 (0.78--1.05)[^*b*^](#t5n3){ref-type="table-fn"}
   Per $100\,\text{IU}$                                                                                                                           0.99 (0.97, 1.01)[^*b*^](#t5n2){ref-type="table-fn"}
  Regular vitamin D supplementation[^*c*^](#t5n3){ref-type="table-fn"}^,^[^*d*^](#t5n4){ref-type="table-fn"}                                       
   No                                                                                                          22,239 (47)        778 (47)        1.00
   Yes                                                                                                         25,264 (53)        876 (53)        0.89 (0.81, 0.99)[^*c*^](#t5n3){ref-type="table-fn"}
  Hours per week doing any sports/exercise (including walking)[^*e*^](#t5n5){ref-type="table-fn"}                                                  
   0--2 h/wk                                                                                                   4,735 (10)         177 (11)        1.00
   $> 2–5\; h/{wk}$                                                                                            9,570 (20)         315 (19)        0.87 (0.73, 1.05)
   $> 5–10\; h/{wk}$                                                                                           17,720 (37)        627 (37)        0.93 (0.79, 1.10)
   $> 10\; h/{wk}$                                                                                             16,463 (34)        562 (33)        0.90 (0.76, 1.08)
   Per h/wk                                                                                                                                       1.00 (0.99, 1.01)
  Latitude, current residence[^*f*^](#t5n6){ref-type="table-fn"}                                                                                   
   $\leq 34{^\circ}$                                                                                           12,864 (26)        427 (25)        1.00
   35--39°                                                                                                     12,885 (26)        457 (27)        1.05 (0.92, 1.20)
   40--42°                                                                                                     14,380 (29)        499 (29)        1.03 (0.91, 1.18)
   $> 42{^\circ}$                                                                                              8,754 (18)         314 (19)        1.06 (0.91, 1.23)
   Per degree                                                                                                                                     1.01 (1.00, 1.01)
  Hours spent outdoors per year[^*g*^](#t5n7){ref-type="table-fn"}                                                                                 
   0--320                                                                                                      12,498 (26)        452 (27)        1.00
   321--530                                                                                                    11,195 (23)        404 (24)        1.02 (0.89, 1.16)
   531--850                                                                                                    12,424 (26)        415 (25)        0.94 (0.82, 1.08)
   $> 850$                                                                                                     12,222 (25)        405 (24)        0.93 (0.81, 1.07)
   Per 200 h/y                                                                                                                                    0.99 (0.97, 1.02)

Note: All covariates in the table were assessed during the baseline interview, unless otherwise specified. A total of 141 women were excluded because they were diagnosed with breast cancer before the completion of follow-up or because they provided no follow-up information beyond baseline. Numbers in columns are those with complete data for the specified analysis. IU, international units.

Adjusted for age, race, education, physical activity, body mass index (BMI), menopausal status, current birth control use, current hormone therapy type, current alcohol use, total energy intake, osteoporosis, parity, and a BMI × menopausal status interaction term. We excluded 1,137 women with missing dietary data (1,105 noncases, 32 cases) and 439 women with total energy intake $< 400$ or $> 4000\,\text{kcal}$ per day (427 noncases, 12 cases).

Observed a violation of the proportional hazards assumption ($p < 0.05$) for likelihood ratio test of time interaction term.

Adjusted for age, race, education, physical activity, BMI, menopausal status, current birth control use, current hormone therapy type, current alcohol use, osteoporosis, parity, and a BMI × menopausal status interaction term.

Women who took a multivitamin or separate vitamin D supplement $\geq 4$ times per week were considered regular users.

Adjusted for age, race, education, BMI, menopausal status, current birth control use, current hormone therapy type, current alcohol use, osteoporosis, parity, and a BMI × menopausal status interaction term.

Adjusted for age, race, education.

Adjusted for age, race, education, physical activity, hours walked per week, BMI, current birth control use, current hormone therapy type, current alcohol use, menopausal status, parity, osteoporosis, and a BMI × menopausal status interaction term.

Discussion {#s4}
==========

In this prospective observational study of vitamin D and breast cancer, high 25(OH)D serum levels were associated with lower risk of developing breast cancer over the ensuing 5 y. The association with lower risk was only evident for women with serum levels in the highest quartile ($> 38.0\,\text{ng}/{mL}$) and appeared to be strongest in postmenopausal women and obese women. The association remained strong even after excluding the first 2 y of follow-up, suggesting that it is unlikely to be explained by reverse-causal effects of occult tumors on 25(OH)D. Combined dietary plus supplemental vitamin D intake was associated with slightly higher breast cancer risk among premenopausal women but with lower risk among postmenopausal women. Regular supplement use was also associated with lower risk in postmenopausal women.

Our finding that high serum 25(OH)D was associated with lower breast cancer risk is consistent with findings from retrospective case--control studies ([@c1]; [@c2]; [@c16]; [@c20]; [@c21]). However, because we used serum drawn before diagnosis, our 25(OH)D findings are not subject to bias due to post-diagnostic changes. Our results are also generally consistent with those of previous prospective studies, most of which reported inverse, but nonsignificant, associations ([@c11]; [@c17]; [@c24]; [@c35]; [@c43]; [@c48]). Some studies with relatively short follow-up periods showed the strongest evidence of protection. For example, a nested case--control study within the Nurses' Health Study ([@c11]) reported a strong but statistically nonsignificant lower risk between high plasma 25(OH)D levels and breast cancer during 7 y of follow-up. Although a large proportion of their cases may have already had undiagnosed breast cancer at enrollment, a Danish study of women undergoing diagnostic mammography reported a statistically significant inverse association between serum 25(OH)D and breast cancer within 5 y ([@c48]).

Recent vitamin D levels could plausibly affect breast cancer risk: $1,25\left( \text{OH} \right)_{2}D$ is known to play a role in cell growth, proliferation, and apoptosis and in estrogen receptor regulation ([@c27]; [@c31]; [@c36]; [@c56]). Although vitamin D seems to be most effective as a chemopreventive agent in murine models of early-stage cancer ([@c27]), there is also evidence that it can inhibit growth of transplanted mammary tumor cells ([@c34]) and xenografted breast tumors in mice ([@c53]).

We observed heterogeneity in risk, with more beneficial associations seen in postmenopausal women and obese women. The former finding is consistent with those of a recent meta-analysis ([@c9]) and can be considered further evidence of etiologic heterogeneity in breast cancer by age or menopausal status ([@c6]). The same meta-analysis corroborates our finding that the dose--response relationship between 25(OH)D and breast cancer is nonlinear, with a threshold near $27\,\text{ng}/{mL}$ \[excluding 3-epi-25(OH)D\]. The literature is inconsistent regarding the modifying effects of BMI ([@c22]; [@c37]; [@c41]; [@c49]), but because obesity modified the 25(OH)D--breast cancer association even among postmenopausal women in our data, the BMI effects cannot be explained by correlation with menopausal status. Because 25(OH)D is fat-soluble, heavier women tend to have lower circulating levels even with similar ultraviolet exposure and dietary intakes ([@c7]; [@c57]). Therefore, compared with nonobese women with similar serum levels, obese women in the highest quartile of serum 25(OH)D presumably have greater available reserves and improved protection.

We did observe a higher hazard of premenopausal breast cancer in association with higher supplemental plus dietary vitamin D intake (see Table S2). Although this is a potentially concerning finding, it was not seen in our own assessment of 25(OH)D levels and breast cancer in premenopausal women ([Table 2](#t2){ref-type="table"}) or in other studies of dietary vitamin D intake among premenopausal women ([@c3]; [@c25]; [@c40]; [@c50]).

To date, the randomized clinical trials of vitamin D supplementation have provided little evidence of benefit from supplementation. However, certain features, including small sample size ([@c39]; [@c54]), nonadherence, and combined treatment regimens or off-protocol supplementation ([@c13]; [@c17]) made it difficult for those trials to establish causality or to identify effective dose levels. In principle, a randomized, placebo-controlled trial of vitamin D supplements alone among women who abstain from self-supplementation would be the best way to assess the effects of vitamin D on breast cancer risk.

Our data suggest that a high 25(OH)D serum level ($> 38.0\,\text{ng}/{mL}$) may be needed to lower the risk of breast cancer. However, in the cohort as a whole, we also observed a lower risk associated with regular vitamin D supplement use ($\geq 4\,\text{times}/{wk}$; $\text{HR} = 0.89$), where regular users had an average 25(OH)D level of $34.5\,\text{ng}/{mL}$ (see Table S3). In fact, these results are fairly consistent with those of the Women's Health Initiative trial, where $400\,\text{IU}/d$ was associated with a nonsignificant reduction in breast cancer risk \[$\text{HR} = 0.96$ (CI: 0.85, 1.09)\] ([@c17]), although the treatment effect did not vary by baseline 25(OH)D level ([@c18]). However, intent-to-treat analyses that include women who take supplements off-protocol are subject to misclassification and bias toward the null ([@c14]), meaning that the true effects may have been stronger than what was observed.

One limitation related to our analyses of factors that should influence 25(OH)D levels is that some variables are difficult to measure with questionnaires. We are particularly concerned about self-reported dietary vitamin D, supplement use, and time spent outdoors, because misclassification could have biased the observed associations toward the null. Although we observed the expected relationships between 25(OH)D levels and these variables (see Table S3), previous studies have demonstrated how these self-reported factors only weakly predict measured 25(OH)D ([@c12]; [@c42]). Without evidence of strong correlations, it is difficult to provide public health recommendations for how to effectively modify 25(OH)D levels.

Another limitation is our small number of minority participants, particularly because African Americans and Hispanics have lower average vitamin D levels than non-Hispanic whites ([@c28]). Our use of women with a first-degree family history of breast cancer may further limit the generalizability of our findings, although we do not expect it to bias our effect estimates ([@c55]). Potentially, women with a first-degree family history could make lifestyle changes aimed at reducing their risk, which could induce a correlation between strength of family history and vitamin D and lead to an HR estimate that was biased toward the null. However, we found the opposite: participants with stronger family histories had slightly lower 25(OH)D levels than those with only one affected sister (see Table S3). We also note that the identification of modifiable risk factors could have the greatest public health impact among women who know they are at elevated risk.

Strengths of this study include the prospective collection of serum specimens, the large sample size, detailed covariate information, and the use of LC/MS to measure 25(OH)D levels. Although unmeasured confounding may be present, detailed covariate information allowed us to adjust for important covariates. We were also able to evaluate important potential modifiers of the association and to assess associations with known vitamin D determinants. LC/MS is the current gold standard for measuring 25(OH)D, outperforming other methods in direct comparisons ([@c26]) and allowing us to include 3-epi-25(OH)D. Although the baseline assessment of serum 25(OH)D levels was a single "snapshot" measure, our concomitant finding of lower risk among postmenopausal women who regularly took supplemental vitamin D provides additional evidence that increased 25(OH)D levels can reduce risk in that group. An additional strength of our study is that recruiting a cohort of women who had sisters with breast cancer enabled us to accrue a large number of cases within 5 y of blood draw with minimal loss to follow-up. Thus, the present study provides new information for evaluating the hypothesis that recent, prospectively measured 25(OH)D levels are relevant to breast cancer risk.

Conclusions {#s5}
===========

In this large, prospective cohort of women at elevated risk, recent serum 25(OH)D levels $> 38.0\,\text{ng}/{mL}$ and regular vitamin D supplementation were associated with lower breast cancer hazard in postmenopausal women. Our results support the hypothesis that vitamin D supplementation could be effective for breast cancer prevention and may help to establish clinical benchmarks for beneficial 25(OH)D levels.
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=====================
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Click here for additional data file.
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